LTA-type zeolites were synthesized by the microwave-assisted hydrothermal process and conventional hydrothermal process. Obtained products were characterized by X-ray powder diffraction and X-ray absorption near edge structure measurements and their microstructures were observed by scanning electron microscopy. In this study, the effects of microwave-assisted hydrothermal process on the morphology (particle size etc) and microstructures for the LTA-type zeolite were mainly examined. As a result, the crystallization of precursor gel of LTA was rapidly carried out by the exposure of microwave for a significantly short term and consequently LTA-type zeolite obtained by the microwave-assisted hydrothermal process had well-defined cubic facet and moreover the small average particle size, compared with the samples obtained by conventional hydrothermal process.
Introduction
Zeolite is a functional aluminosilicate material with tremendously large amount of highly-ordered micropores in its unique structure. Using these micropores and their pore-network, zeolites are widely used as molecular sieving, catalytic, ion-exchange and adsorptive materials, and furthermore for the purification of nitrogen oxides and carbon hydride and dioxide in the gas emissions from automobiles. 1) 3) Furthermore, they are expected to be useful as gas separation membrane and water purification agent by using the adsorbing capacity and molecular sieving effect. 4) Among zeolite family, LTA, A-zeolite, is one of typical zeolites having uniform pore sizes of about 0.4 nm. The low Si/Al ratio of 1 gives LTA the highest hydrophilicity. For this reason, LTA zeolite has an advantage for the removal of water in chemicals and has already been applied to practical use as dehydrating and moisture adsorptive agents. LTA is synthesized from silica and alumina sources under the hydrothermal synthesis condition with strong basic in the temperature range below 150°C for long synthetic term.
Several novel synthetic processes of zeolite have been reported, including hydrothermal process, secondary seeds growth, continuous synthesis, ultrasonic synthesis, and microwave heating process. 5)12) In addition, the developments of other processes like a mechanochemical process are also attempted.
13), 14) Recently, Wakihara et al. reported that the nano-sized zeolites are successfully prepared by using the modified ball milling methods. 13 ), 14) The conventional static hydrothermal process is the most common method for synthesis of zeolite. Furthermore, these conventional static hydrothermal processes also need relatively the long synthetic time from a few hours to several tens hours for crystallization under the precise control of the synthetic factors.
Recently, the influences of microwave have been studied for the synthesis of novel nanomaterials and the improvement of synthetic conditions such as synthetic temperatures and reaction time etc for the development of novel nanomaterials, since microwave radiations result in the enhancement of heating rate/efficiency without temperature gradient in radiated objects. It is expected that such a rapid heating and keeping a reaction field with microwave homogeneously accelerate a reaction and assist the synthesis of some ceramics with novel microstructures. In this study, the effects of microwave-assisted hydrothermal process on the morphology (particle size etc) and microstructures for the LTA-type zeolite were mainly examined.
Experimental procedure
In this experiment, LTA-type zeolite was prepared by the conventional hydrothermal process and microwaveassisted hydrothermal process. LTA starting gel was prepared as follows. Sodium metasilicate (Wako, Japan) and sodium aluminate (Kanto Chemicals, Japan) were added into sodium hydroxide solution (0.23 M, 10 ml) respec-tively and well dissolved. These solutions were mixed and sealed in a teflon vessel, and this starting gel was irradiated with 2.45 GHz microwave at 423 K for 3 to 60 min. For the comparison, LTA-type zeolite was also prepared by the conventional hydrothermal process at 423 K for 1 to 12 h using the same starting materials.
The obtained products were filtered and washed with ion-exchanged water, and then dried overnight at 323 K. The obtained products were evaluated by X-ray powder diffraction (XRD) to identify the phases. The microstructures of the obtained products were examined by scanning electron microscopy (SEM). The sizes of obtained products were examined by particle size analyzer. The X-ray absorption near edge structure (XANES) spectra of Si-K and Al-K edge were evaluated for obtained products on the BL02 station of UVSOR at Institute for Molecular Science in Okazaki. , the samples synthesized over 150 min by the conventional hydrothermal process were identified to be LTA-type as the only component phase and no other impurity phases were found to be present. Then it is confirmed that at least 150 min were needed for crystallization of LTA-type zeolite under the experimental condition of this conventional hydrothermal process at 423 K. On the contrary, the results of XRD are shown in Fig. 1 (B) for samples synthesized for 3, 5, 7 and 60 min by the microwave-assisted hydrothermal process at 423 K. As shown in Fig. 1(e) , the sample synthesized for 3 min has an almost amorphous phase, the precursor gel of LTA, although the small peaks from LTA exist. On the contrary, the results in Figs. 1(f )1(h) indicated that the samples synthesized by the microwave-assisted hydrothermal process for 5 to 60 min showed the XRD patterns peculiar to LTA-type zeolite. Therefore, LTA-type zeolite was successfully obtained within 5 min at 423 K by this microwaveassisted hydrothermal process.
Results and discussion
Figures 2(a)2(d) indicates the SEM images of the samples synthesized by the conventional hydrothermal process for 60, 150, 240 and 720 min, respectively. In the case of the conventional hydrothermal synthesis, according to Figs. 2(b)2(d), LTA-type zeolite particles with the average particle size of 3 to 5¯m in diameter were observed, whereas the agglomerations of significantly fine precursor gel of LTA were observed for the samples by the conventional hydrothermal process for 60 min, as shown in Fig. 2(a) . SEM observation results show that the samples synthesized by the conventional hydrothermal process have the broad distribution of particle size with sometimes large and small LTA particles. Thus, it was found that the crystallization of LTA takes more than 150 min to get LTA-type zeolite by the conventional hydrothermal process at 423 K. On the other hand, Figs. 2(e)2(h) show the SEM images of the samples synthesized by the microwave-assisted hydrothermal process for 3, 5, 7 and 60 min, respectively. As shown in Fig. 2 , the samples obtained by the microwave-assisted hydrothermal process were composed of the LTA-type zeolite particles about the size of a few¯m. However, in case of samples synthesized for 3 min, as shown in Fig. 2(e) , the cubic particles of LTA were partly observed and mainly fine LTA precursor gels, although samples synthesized by microwave-assisted hydrothermal process for 5 min were composed of cubic particles of LTA. These results mean that it needs at least 5 min to synthesize LTA-type zeolite under the condition of microwaveassisted hydrothermal process at 423 K. The fine precursor gel for LTA was rapidly crystallized by the exposure of microwave-assisted hydrothermal process within a few minutes. Thus, it is thought that the rapid heating process could enhance the crystallization of precursor for LTA zeolite. Therefore, using microwave-treatments, the possibility of fast and continuous synthesis, not batch operation was confirmed. Moreover, the LTA-type zeolite crystalline particles obtained by microwave-assisted hydrothermal process had well-defined cubic facets peculiar to LTA, compared to the conventional hydrothermal process. In addition, the average particle size of samples obtained by the microwave-assisted hydrothermal process was significantly homogenous without large crystalline, compared to ones synthesized by the conventional hydrothermal process. These results of SEM observations were consistent with the results of XRD patterns. Thus, it was found that samples obtained by the microwave-assisted hydrothermal process had sharp peaks, indicating the good crystallinity of LTA, compared to ones synthesized by the conventional hydrothermal process.
The results of average particle size for samples obtained by the conventional hydrothermal process and microwaveassisted hydrothermal process are shown in Fig. 3 . Especially, as shown in Fig. 3(B) , samples by the microwaveassisted hydrothermal process from 5 to 7 min show the rapid increase in average particle size. As shown in Fig. 2 (f ) the sample synthesized for 5 min by microwave assisted hydrothermal process had clearly sharp spectrum and cubic particles peculiar to LTA-type zeolite, although precursor of LTA was observed to be mostly existed for samples synthesized by microwave-assisted hydrothermal process for 3 min. Therefore, the average particle size of samples obtained by microwave-assisted hydrothermal process for 5 min in Fig. 3(B) was small. On the contrary, the rapid growth of LTA zeolites generated through the microwave-assisted hydrothermal process over 7 min. Compared to Fig. 3(A) with Fig. 3(B) , the samples obtained by the microwave-assisted hydrothermal process had the homogeneous and smaller average particle size than ones of the samples obtained by the conventional hydrothermal process, although the samples prepared by the conventional hydrothermal process contained frequently relatively larger particles. Thus, the rapid heating for significant short-term by the microwave-assisted hydrothermal process led to the synthesis of homogeneously fine LTA zeolite with the small particle size compared to ones by the conventional hydrothermal process. Ohgushi reported that for the effectiveness of microwave heating for LTA, the mechanism that in the initial period the hydrated zeolite absorbs the microwaves through its adsorbed water and its temperature rises for the microwave heating. 15) Furthermore, according to report given by Somani et al., on the enhancement of crystallization rate by microwavte radiation, zeolite synthesized by microwave method took half the time for crystallization of ZSM-5 of 100% crystallinity to that of conventional hydrothermal method. 16) Thus, microwave-assisted technique was found superior to conventional hydrothermal heating in reducing crystallization period. Consequently, the results in the present experiments is attributed to the reduction of crystallization period by rapid heating by absorbing the microwaves.
The XANES spectra of Si-K and Al-K edges were evaluated for samples synthesized by the conventional hydrothermal process for 48 h and microwave-assisted hydrothermal process for 3, 5, and 60 min. The results of XANES spectra of Si-K edge for samples are shown in Fig. 4 . The results of Si-K for samples synthesized by the microwaveassisted hydrothermal process were the same as samples synthesized by the conventional hydrothermal process for 48 h. Figure 5 shows the results of XANES spectra of Al-K edge for samples synthesized by the conventional hydrothermal process for 48 h and microwave-assisted hydrothermal process for 3, 5, and 7 min. Furthermore, although the Al-K edge of samples synthesized by the microwaveassisted hydrothermal process for 60 min were a little shifted to higher energy side, as shown in Figure, compared to samples synthesized by the conventional hydrothermal process for 48 h. Also, the shift of the Al-K edge was large with the holding time through the microwave-assisted hydrothermal process. These results suggest the possibility that samples synthesized by the microwave-assisted hydrothermal process had the different local structure around Al 3+ ion, i.e. AlO 4 tetrahedron, from ones of samples synthesized by the conventional hydrothermal process. The detailed evaluation is under investigation.
Conclusions
LTA zeolite samples were synthesized by the conventional hydrothermal process and by the microwaveassisted hydrothermal process at 423 K for various hydrothermal synthetic time. LTA-type zeolite crystalline particle was synthesized in very short term for 5 to 7 min by the microwave-assisted hydrothermal process. The LTAtype zeolite obtained by the microwave-assisted hydrothermal process had well-defined cubic facet and also had homogeneous and small average particle size, compared with the samples obtained by conventional hydrothermal process. It is thought that the rapid heating process could enhance the crystallization of precursor for LTA zeolite.
Thus, microwave-assisted hydrothermal process was effective to shorten synthetic time for fine and homogeneous LTA. Furthermore, it is expected that a rapid heating and keeping a reaction field with microwave homogeneously accelerate a reaction and assist the synthesis of some ceramics with novel microstructures.
